A clinical investigation into a new bone void filler is giving first data on systemic and local exposure to the anti-infective substance after implantation.
 The short follow-up time is a limitation to assess a basic clinical outcome, in particular for late onset infections
Introduction
Bone infections occurring after exposed fracture or orthopaedic surgeries such as total arthroplasty of the hip or knee, can progress to a chronic stage and lead to severe complications such as osteitis, osteonecrosis, sepsis or amputation. 1 Despite the variety of available treatment options, including surgical procedures and antimicrobial therapy, bone infections are still a medical challenge as they are difficult to treat and cure. 2 An optimal therapy should stabilise the bone, promote biological repair of the skeletal defects and eradicate the bacterial infection. In many cases, keeping the infection at bay has to be accepted as a successful outcome after surgical and antibacterial management. Systemic antibiotics are part of the standard therapy after debridement of infected bone, but their efficacy may be limited due to impaired blood supply and a low penetration rate at the site of infection. 3 Furthermore, long-term treatment and high doses are associated with severe side effects. In contrast, antibiotic-impregnated bone void fillers or cements can act as local anti-infective drug release systems, which not only fill up the dead space after surgical debridement but also deliver high antibiotic concentrations at the site of potential infection, without increasing serum antibiotic levels. [4] [5] [6] [7] [8] Gentamicincontaining polymethylmethacrylate (PMMA) beads, for the local treatment of orthopaedic infections, have been in clinical use for more than 30 years. [9] [10] [11] A disadvantage of PMMA is that the material is non-biodegradable, making subsequent invasive procedures necessary to remove the implant in many cases. 12 New antibiotic bone substitution materials/bone void fillers are based on biodegradable or resorbable materials such as polylactic acid, chitosan or new combinations based on calcium sulfate. 13 These permanently implantable materials do not have to be removed after a time, unlike for example PMMA chains, and they meet the requirements for application in the final step of bone defect therapy. Calcium sulfate is a well-studied, nonimmunogenic, biocompatible bone void filler used in orthopaedic applications since the 19th century. [14] [15] [16] It has been shown to stimulate new bone formation comparable with autogenous bone 12, [17] [18] [19] [20] and is also a suitable carrier for aminoglycoside antibiotics. 13, [19] [20] [21] In a recent study, calcium sulfate pellets impregnated with tobramycin were as effective as PMMA beads in the treatment of chronic osteomyelitis and infected nonunion. 12 Surgical-grade calcium sulfate pellets pre-loaded with tobramycin (Osteoset ® T, Wright Medical Technologies Inc., Arlington, Tennessee) have been commercially available for over a decade. Occasionally, non-infectious inflammatory reactions have been observed after the implantation, which are suspected to be caused by calcium-rich fluid generated in the process of rapid graft resorption.
22,23
The investigated calcium sulfate-calcium carbonatetripalmitate new composite is a recently developed bone graft substitute/bone void filler with antibacterial properties, which had its market entry in 2010. Very little clinical data have been published so far on the administration of this bone void filler. 24 The aim of this prospective investigation was primarily to determine gentamicin concentrations in blood plasma, urine and wound exudate of patients with post-traumatic or post-operative bone infections after surgical debridement of infected areas and implantation of this substance. Clinical effects and safety of the beads were also evaluated. This study was approved by the Ethical Committee of the Landesärz-tekammer Hessen under FF 10/2008.
Patients and Methods
Study design and patient population. The open-label, exploratory, phase II investigation was performed at the Trauma Hospital (BGU), Frankfurt/Main, Germany. A total of 20 adults (16 male, 4 female, ≥ 18 years) suffering from post-traumatic or post-operative bone infection (osteomyelitis/osteitis) of the upper or lower extremities with potentially gentamicin-sensitive bacteria and with an indication for implantation of a bone void filler material were included in the investigation. The size of the bone defect after surgical debridement had to be between 10 cm 3 and 50 cm 3 ; the minimum volume was due to the size of the beads and relevant bone voids, the maximum volume to the dosage of gentamicin permitted. Patients with renal impairment, a significant allergic disposition, sensorineural hearing loss, and known hypersensitivity to gentamicin or other aminoglycosides were excluded. Pregnant or nursing women, and women for whom the possibility of pregnancy could not be excluded, were also not eligible for inclusion in the study.
Systemic or local gentamicin treatment, other than the implantation of resorbable gentamicin beads, was not allowed. A total of seven patients received a concomitant systemic antibiotic treatment (other than gentamicin) according to the antibiogram performed after microbiological sampling of the infected bone. This was performed according to a particular risk management of those patients. The clinical part (hospitalisation phase) of the investigation was continued up to day 21 after the implantation. Materials and implantation. Herafill ® beads G (Heraeus Medical GmbH, Wehrheim, Germany) are biconvex, rounded, cylindrical (6 mm × 6 mm) calcium sulfatecalcium carbonate beads containing glycerin tripalmitate as bonding additive and 1% gentamicin sulfate (2.5 mg gentamicin base) as antibacterial agent. The beads were implanted into the cavity of the bone after radical surgical debridement of the infected area (Fig. 1 ). The number of implanted Herafill ® beads G ranged between 13 and 190 per patient (mean 74.8). There was a surgical decision to exceed the manufacturer's recommendation of 1 bead/kg body weight in six patients (30%, five male, one female) in order to fill up the bone void entirely. A minimum of one intralesional microbiological sample was taken during surgery as a standardised procedure. Concentration measurements of gentamicin. Blood samples were taken within six hours before the implantation (baseline) and post-operatively after two, four, six, ten, and 24 hours, and on days 2 to 7. Pre-surgical urine was collected over a 24-hour period. Post-surgically, 0 to ten hours and ten to 24 hours, urine samples were collected on day 1 and 24-hour urine samples were collected on days two to seven. Wound exudate was collected from wound tissue immediately before implantation of the beads and from the drainage bottles at two, four, six, ten, 24, 48, and 72 hours after surgery. All patients except one had only one subfascial drain inserted. In the one case with two inserted drains, only the fluid collected from the drain adjacent to the wound was used for the calculation of mean gentamicin concentrations. Plasma, urine and wound exudate samples were stored at -20°C. Gentamicin concentrations were measured using a High Performance Hybrid Mass Spectrometer (Applied Biosystems 4000 Q TRAP ® LC/MS/MS, Foster City, California). The lower levels of quantification (LLOQ) were 0.001 μg/mL in both plasma and wound exudate and 0.0025 μg/mL in urine. Clinical parameters and safety evaluations. The course of infection was monitored by determination of Creactive protein (CRP) levels and leukocyte count; blood samples were taken at baseline, 24 hours after surgery, and on days 2, 4, 6, 10, 14, and 21. Wound healing was assessed on days 2, 4, 6, 8, 10, and 12, and at the time of removal of sutures. Resorption of implanted beads and bony reconstruction were evaluated by means of radiographs obtained at two to four days and at approximately three and six months after implantation. Radiographs were taken for study purposes only when indicated and as part of the clinical standard assessment process. Final follow-up to evaluate pharmacokinetic release rates came six months after surgery or at the time of early termination; during this observation period no recurrence of infection could be found.
Adverse events were monitored during the entire study. Blood samples for safety laboratory tests (serum creatinine, urea, total bilirubin, liver enzymes) were taken at baseline, 24 hours after surgery, and on days 2, 4, 6, 10 and 14. Statistical analysis. Deviations from baseline in infection and safety laboratory parameters were analysed by Wilcoxon signed rank tests. Statistical significance was set at p < 0.05.
Results
Patient population. A total of 20 patients (mean age 51.1+13.4 years (24 to 79), 16 male, four female) were treated with Herafill ® beads G (Heraeus Medical GmbH) from April 2008 to April 2011. All patients had a clinical history of previous indication-related surgeries. A chronic course of osteomyelitis/osteitis was reported in at least 12 (60%, ten males, two females) of the patients. The remaining eight patients had acute osteomyelitis for other reasons including excidents. The mean time interval since the occurrence of the primary traumatic event was approximately six years (24 days to 30 years). Demographic data and details of the medical history of the patients are presented in Table I . A total of 18 patients were ranked in ASA (American Society for Anesthesiology) 25 ,26 Score 1 and two in ASA 3, indicating that the majority of the patient population was in a good state of health (χ = 1.3). All patients completed the clinical phase of the investigation. Follow-up data collected at both three and/or six months after surgery were only available for one patient due to poor patient compliance at both follow-up points. Systemic and local exposure to gentamicin. The mean plasma concentration of gentamicin was below the LLOQ at baseline (Fig. 2 ) and remained very low after implantation of Herafill ® beads G. A peak mean concentration of 0.2 μg/mL (SD 0.2 (0.05 to 0.6)) was measured at 24 hours after surgery. After 48 hours, the mean concentration had decreased to 0.06 μg/mL (SD 0.04 (0.002 to 0.2)). Individual plasma gentamicin concentrations did not exceed 0.6 μg/mL.
Very low amounts of gentamicin were detectable in urine samples of seven patients already at baseline, resulting in a mean baseline level of 0.2 μg/mL (SD 0.4) (Fig. 3) . Mean urine gentamicin concentrations were low after implantation, with a peak of 7.6 μg/mL (SD 6.4 (0.7 to 22.9)) in the ten to 24 hour sample. The mean concentration had decreased to 0.7 μg/mL (SD 0.4 (0.2 to 1.4)) in the last sample taken on day 7. Individual urine gentamicin concentrations did not exceed 22.9 μg/mL.
The concentration of gentamicin in wound exudate was below the LLOQ in all patients at baseline. High levels of gentamicin were measured in wound exudate postoperatively. The mean concentration peaked in the six to ten hour sample, with 1110 μg/mL (SD 540 (234 to 2235)) and was still at 170 μg/mL (SD 135) in the last sample taken after 48 to 72 hours (Fig.4) . The highest individual gentamicin concentration in wound exudate was 2404 μg/mL. Clinical effects. A radiological implant evaluation after approximately six months showed that bony integration of the beads could be assessed as good, and/or individual beads were no longer discernible in 12 out of 14 patients for whom an evaluation was available (Fig. 5 ). In the remaining two patients, a process of bead dissolution was revealed at that time.
Primary wound healing occurred in 17 patients and secondary wound healing in three patients. The clinical outcome after six months (or at the time of early termination) amounted to successful treatment assessed as remission of infection in 16 patients (80%) over the time of observation. A total of four patients (20%) had recurrent infections requiring a revision surgery probably related to uncompleted surgical infection management. This rate was due to the selection of 'at risk' patients suffering from long-term osteitis and several surgeries, and the ratio of the low patient number available.
Mean leukocyte counts were within the normal laboratory range and did not indicate infectious complications during the first 21 days after surgery. The mean post-surgical changes in leukocyte counts were not statistically significant from baseline in patients with complete data (n = 14, p-value day 2 = 0.5; p-value day 21 = 0.2). As expected, the mean CRP value increased shortly after surgery, with a peak of 2.3 mg/dL (SD 1.3) on day 2, and then gradually decreased to 0.5 mg/dL (SD 0.4) on day 21. Safety. Safety laboratory measurements did not reveal any nephrotoxic or hepatotoxic effects of Herafill ® beads G (Heraeus Medical GmbH) in the study patients. Mean concentrations of serum creatinine and urea were within the reference ranges, and post-surgical changes were not statistically significant from baseline (p-value serum creatinine 0.1 to 0.9, p-value urea 0.2 to 0.9). There was a significant decrease (p = 0.0001 to 0.037, Wilcoxen signed rank test) in mean total bilirubin after implantation, but all values were within the reference range. Increased liver enzymes were occasionally observed preand post-surgery in some of the patients. There were two cases of an early re-infection during the course of the study, likely related to an incomplete eradication of infected tissue occuring during the course of the study.
Discussion
Insufficient release of the antibacterial agent to the site of infected bone is a frequent problem associated with systemic antibiotic therapy and sometimes even with local drug delivery systems. 3 After the implantation of Herafill ® beads G (Heraeus Medical GmbH) in bone defects caused by osteomyelitis/osteitis in upper or lower extremities, very high gentamicin concentrations were measured in wound exudate during the first days after surgery. In the last sample collected (48 to 72 hours), concentrations still considerably exceeded the required concentration for efficient bacterial eradication and were above those measured in the wound exudate of patients after implantation of gentamicin-containing PMMA beads. 4 In general, determination of antibiotics in wound exudate is difficult due to the fact that the consistency and volume of the exudate varies during the wound healing process. There are several factors, such as tissue debris, proteins, blood, and interstitial fluid, which show a high variability in amount and composition. It was therefore decided to use blood plasma -not wound exudate -as a model matrix for the determination of gentamicin concentrations in the wound exudate in order to avoid a potential impact of matrix variations on the standard analytical procedure. Thus, a general overestimation of the concentrations due to an analytical enhancement effect cannot be completely ruled out. However, even in the worst case of overestimation by a factor of 10, the initial gentamicin levels would still have been well above the minimal inhibitory concentration for relevant pathogens. Plasma levels of gentamicin remained extremely low following the procedure and only traces of gentamicin were identified after a few days. The use of a modern high resolution LC/MS/MS detection method for analysis in this investigation led to low concentrations of gentamicin measured in urine prior to the implantation of Herafill ® beads G (Heraeus Medical GmbH) in a few patients. These patients had been treated with gentamicin-containing biomaterials prior to the start of the investigation. It has been shown that after local application of antibioticloaded implants, antibiotic concentrations are detectable for up to six weeks in the surrounding tissue. Thus, small residual amounts of gentamicin from previous treatments were probably the basis for these pre-implantation levels.
After implantation of Herafill ® beads G (Heraeus Medical GmbH), the mean urine concentrations remained below 8 μg/mL (0.7 to 7.6). The very low systemic exposure to gentamicin after treatment with Herafill ® bead G (Heraeus Medical GmbH) minimises both the potential for toxic reactions and the induction of resistance of relevant bacterial strains coming from the systemic side. This is in line with the safety findings of this investigation, which did not indicate any nephrotoxic or hepatotoxic effects of gentamicin released from the Herafill ® beads G (Heraeus Medical GmbH). Even in six patients who received a higher amount of beads than recommended by the manufacturer, no increased plasma gentamicin concentrations were observed when compared with those of the patients with smaller amounts implanted.
Radiographic analysis approximately six months after surgery showed progressive or complete resorption of the implanted Herafill ® beads G (Heraeus Medical GmbH). A continuous remission of the infection was achieved in 16 patients (80%), whereby more than half of these patients did not receive concomitant systemic antibiotic therapy. In the treatment of chronic osteomyelitis, local antibiotic delivery is mainly used as an adjuvant to intravenous antibiotic therapy. By using antibiotic-impregnated bone void fillers/substitutes which are able to deliver high local antibiotic concentrations over an adequate period of time, the need for systemic antibiotics could potentially be reduced. Their high dosage side effects, as well as the low local concentrations, might thus be avoided. In a recent study, locally implanted synthetic calcium sulfate antibiotic beads successfully healed low-extremity osteomyelitis in 17 patients (86%) without the use of systemic antibiotics. 27 In the current investigation, four patients (20%, three male, one female) developed recurrent infection several weeks or months after the implantation of Herafill ® beads G (Heraeus Medical GmbH). Local gentamicin concentrations measured during the first 72 hours after implantation were adequately high in these patients. All four patients had undergone several previous indicationrelated operations, including implantation of gentamicin-containing cement or PMMA beads in three patients (15%, two male, one female). Antibiotic resistance can play a role in recurrent infections. Some bacterial strains are also capable of forming biofilms on biological and artificial surfaces, which makes treatment with antimicrobial agents very difficult. The increased resistance of the adhered bacteria to antimicrobial agents remains a problem in orthopaedic surgery. Adherence and persistent growth of bacteria on antibiotic-loaded bone cements and PMMA beads have been intensively investigated. [28] [29] [30] Bacterial adherence and biofilm formation on antibioticimpregnated calcium sulfate beads have not been the subject of studies to our knowledge so far. Further investigations with a longer detailed clinical outcome observation period (one to five years' follow-up period) would help to assess the course of healing of infected bone defects under this treatment.
Conclusion
This investigation in adult patients with severe, chronic post-traumatic or post-operative bone infections and normal renal function demonstrated that these novel calcium sulfate-based bone void filler beads with gentamicin are a clinically useful local antibiotic delivery system and bone void filler/ bone substitute which can be used as an alternative to other anti-infective implants. The potential for systemic side effects appears minimal in patients with normal renal function. The implantation of the beads was safe and well tolerated in all patients. The investigated new bone void filler composite can, overall, provide adequate protection against bacterial infection in all those challenging, at risk, patients with chronic osteomyelitis/osteitis during the first weeks after implantation and to support the bone healing process. Subsequent procedures to remove implanted material and the recreation of dead space are avoided due to the ability of the beads to resorb.
